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Abstract
In	clinical	practice,	pregabalin	is	orally	administered	for	neuropathic	pain,	but	causes	
severe	central	nervous	system	side	effects,	such	as	dizziness,	which	results	in	dose	
limitation	or	discontinuation.	To	reduce	the	central	side	effects	of	pregabalin,	we	de-
veloped four pregabalin preparations for transdermal application: 0.4% aqueous so-
lution,	pluronic	lecithin	organogel	(PLO	gel),	hydrophilic	cream,	and	lipophilic	cream.	
Transdermal permeabilities of pregabalin among the four formulations were com-
pared	 in	vitro	using	hairless	mouse	skin.	The	 longitudinal	distribution	of	pregabalin	
within	 the	skin	was	analyzed	using	mass	spectrometric	 (MS)	 imaging.	Furthermore,	
the	in	vivo	analgesic	effects	of	the	formulations	were	evaluated	using	the	von	Frey	
filament	test	in	a	mouse	model	of	diabetic	neuropathy	(DN).	The	PLO	gel	showed	the	
highest	permeability	of	pregabalin,	followed	by	the	aqueous	solution,	and	no	permea-
tion	was	observed	in	the	two	cream	formulations.	The	MS	imaging	analysis	showed	
that	pregabalin	was	distributed	up	to	the	dermis	in	the	PLO	gel	1	h	after	application,	
while	the	aqueous	solution	was	distributed	near	the	epidermis.	A	significant	analgesic	
effect	(p <	.05)	was	observed	1.5	h	after	PLO	gel	application	in	the	DN	model	mice,	
but the aqueous solution had no effect. This study indicated for the first time that 
pregabalin	penetrated	beyond	the	skin	epidermis	up	to	the	dermis,	from	the	PLO	gel	
formulation,	and	that	the	application	of	this	formulation	exhibited	an	in	vivo	analgesic	
effect	in	the	mouse	model	of	DN.
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1  |  INTRODUC TION

According	to	the	revised	International	Association	for	the	Study	
of	Pain	definition,	painful	neuropathy	or	peripheral	neuropathic	
pain	 (PNP)	 is	 the	 primary	 neurological	 condition	 of	 pain1	 PNP	
often	 becomes	 chronic	 with	 marked	 long-	term	 reduction	 in	
quality of life.2 Oral pregabalin has been recommended for the 
treatment of neuropathic pain associated with diabetic periph-
eral neuropathy and postherpetic neuralgia.3 It reduces neuronal 
excitability	 in	 the	 central	 nervous	 system	 by	 reversibly	 binding	
to	 the	alpha-	2-	delta	 subunits	of	Ca2+ channels.4	Pregabalin	has	
been reported to suppress peripheral ectopic afferent discharges 
caused	by	nerve	injury,	and	this	mechanism	may	also	be	involved	
in its analgesic effect on neuropathic pain.5,6 Compared with 
other	 drugs,	 pregabalin	 has	 been	 reported	 to	 show	 one	 of	 the	
highest pain reductions.7	 However,	 it	 has	 side	 effects,	 such	 as	
dizziness,	somnolence	(sleepiness),	and	edema,	which	may	be	se-
vere	enough	to	be	either	dose-	limiting	or	lead	to	discontinuation	
in clinical practice.8	In	a	previous	study,	transdermal	application	
of an aqueous pregabalin solution was reported to be effective 
against neuropathic pain in rats and mice.9 Since the central ner-
vous	system	 (CNS)-	mediated	side	effects	of	orally	administered	
pregabalin	 are	 expected	 to	 be	 avoided	 or	 minimized	 by	 trans-
dermal	delivery	of	the	drug,	topical	application	via the transder-
mal	 route	would	 substantially	 benefit	 patients.	We	 employed	 a	
pluronic	 lecithin	 organogel	 (PLO	 gel)	 formulation	 of	 pregabalin	
and compared its permeability and analgesic effect with an aque-
ous solution and cream formulations.

A	 PLO	 gel	 is	 a	 microemulsion-	based	 gel	 formulation	 that	
can enhance transdermal delivery of hydrophilic and lipophilic 
drugs	 across	 the	 stratum	 corneum,	 as	 reported	 for	 various	
drugs.10	Bryson	et	al.	reported	the	analgesic	effect	of	the	topi-
cal	administration	of	gabapentin	PLO	gel	in	preclinical	formalin	
pain hamster models.11 Gabapentin has a similar mechanism of 
action and pharmacological effect as pregabalin and has rel-
atively	 comparable	 physicochemical	 properties,	 such	 as	 mo-
lecular	 weight,	 logP,	 and	 melting	 point.	 Therefore,	 a	 PLO	 gel	
preparation of pregabalin may also have an analgesic effect. 
However,	 there	 has	 been	 no	 scientific	 evidence	 to	 show	 that	
pregabalin can permeate through the stratum corneum down 
into	the	skin	dermis.

In	this	study,	we	prepared	four	types	of	0.4%	pregabalin	formu-
lations:	 aqueous	 solution,	 PLO	 gel,	 and	 hydrophilic	 and	 lipophilic	
creams.	We	compared	the	in	vitro	transdermal	permeability	and	in	
vivo analgesic effects of these formulations. The in vitro transder-
mal	permeability	of	pregabalin	was	evaluated	using	Franz	diffusion	
cells	 and	 hairless	 mouse	 skin.	 Imaging	 analysis	 using	 mass	 spec-
trometry	(MS)	was	performed	for	the	first	time	to	evaluate	pregab-
alin	penetration	within	the	skin.	Furthermore,	the	in	vivo	analgesic	
effects	of	 the	pregabalin	PLO	gel	were	assessed	using	a	von	Frey	
filament test in a diabetic disorder mouse model and compared with 
the aqueous solution.

2  |  MATERIAL S AND METHODS

2.1  |  Materials and animals

Pregabalin	 capsules	 were	 from	 Pfizer.	 The	 PLO	 gel	 was	 from	
Pharmedica	 Enterprise.	 Hydrophilic	 cream,	 plastic	 base,	 and	 puri-
fied	 lanolin	 were	 from	 Nipro,	 Taisho	 Pharmaceutical,	 and	 Nikko	
Pharmaceutical,	respectively.	Both	5-	fluorouracil	and	streptozotocin	
were	 from	 Sigma-	Aldrich.	 D-	phosphate	 buffered	 saline	 (PBS)	 (−)	
powder,	KH2PO4,	NaHPO4,	propylene	glycol,	and	acetonitrile	were	
from	Fujifilm	Wako.	Laboskin	prepared	from	the	back	skin	of	hairless	
mice	(♂,	7Ws)	was	purchased	from	Hoshino	Animal	Laboratory.

2.2  |  Preparation of transdermal 
formulations of pregabalin

Preparation	of	the	0.4%	aqueous	pregabalin	solution:	A	pregabalin	
capsule	(150	mg)	was	decapsulated	and	added	to	15	ml	of	purified	
water.	The	solution	was	stirred	for	10	min	using	a	water	bath	shaker	
(Taitec)	and	centrifuged	at	100g at 4°C for 10 min. The supernatant 
was collected and deemed to be a 1% aqueous solution. This was 
then,	diluted	with	purified	water	to	make	a	0.4%	aqueous	solution.

Preparation	of	0.4%	pregabalin	PLO	gel:	A	1%	aqueous	solution	
of	pregabalin	(0.5	ml)	described	above	was	mixed	with	0.208	ml	of	
propylene	glycol.	This	solution	was	then,	mixed	with	0.458	ml	of	the	
oil	phase	solution	of	a	PLO	gel	kit,	and	the	aqueous	phase	solution	of	
the	kit	was	added	to	make	a	total	amount	of	1250	mg.	The	oil	phase	
solution	contained	lecithin,	isopropyl	palmitate,	and	sorbic	acid.	The	
aqueous	 phase	 solution	 contained	 poloxamer	 407,	 potassium	 sor-
bate,	and	water.

Preparation	of	0.4%	pregabalin	hydrophilic	cream:	A	1%	aqueous	
solution	of	pregabalin	(0.5	ml)	was	mixed	with	0.208	ml	of	propylene	
glycol.	Then,	a	hydrophilic	cream	was	added	to	a	total	of	1250	mg.

Preparation	of	0.4%	lipophilic	cream:	The	1%	aqueous	solution	
of	pregabalin	(0.5	ml)	was	mixed	with	5	mg	purified	lanolin.	Then,	a	
plastic base was added to a total of 1250 mg.

2.3  |  In vitro evaluation of pregabalin skin 
permeability

The	skin	permeability	of	pregabalin	was	evaluated	using	a	Franz	dif-
fusion	cell	(Hanson	Research).	Hairless	mouse	skin	on	the	dermal	side	
was	mounted	 to	 contact	 the	 receptor	 compartment	 on	 a	 Franz	 dif-
fusion	cell.	The	donor/diffusion	area	was	0.65	cm2,	and	the	receptor	
compartment	was	 filled	with	PBS	 (7	ml).	Before	using,	 the	 skin	was	
slowly	 thawed,	cut	 into	appropriately	 sized	pieces,	and	defrosted	 in	
PBS.	The	receptor	compartment	of	each	cell	was	maintained	at	32°C	
under synchronous continuous stirring using a magnetic stirrer at 
600	rpm.	The	procedure	was	performed	while	confirming	that	there	
were	no	air	bubbles	between	the	skin	and	the	receptor	compartment.
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Each	pregabalin	preparation	 (310	mg)	was	applied	to	hairless	
mouse	 skin.	At	each	 time	point	 (1,	2,	 or	3	h),	 1	ml	of	 a	 receptor	
sample was withdrawn from the sampling port and immediately 
replaced	with	 an	 equal	 volume	of	PBS.	An	 internal	 standard	 (IS)	
solution	 (20	 µl	 of	 0.01	mg/ml	 5-	FU)	 was	 added	 to	 each	 sample	
(180	 µl)	 and	 the	mixture	was	 vortexed	 for	 10	min.	 The	 samples	
were	 then	 analyzed	 using	 the	 validated	 HPLC-	UV	 method	 de-
scribed below.

2.4  |  Determination of pregabalin concentration 
using high- performance liquid chromatography- 
ultraviolet detection (HPLC- UV)

The	 HPLC	 system	 consisted	 of	 a	 Prominence	 series	 (Shimadzu)	
equipped	 with	 LC20AT,	 CTO20A,	 and	 CBM-	20A	 coupled	 with	
UV-	VIS	 detection	 (SPD-	20A).	 Data	 collection	 and	 analysis	 were	
performed	using	LC	 solution	 software	 (Shimadzu).	 Separation	was	
achieved	 on	 a	 TSK	 gel	 ODS-	100V	 column	 (150	×	 4.6	 mm,	 5	 μm,	
TOSOH)	 at	 a	 flow	 rate	of	1.0	ml/min.	The	mobile	phase	was	 ace-
tonitrile:	 10	 mM	 KH2PO4/10	 mM	 NaHPO4	 (pH	 6.9)	 (3:97).

12 The 
IS	solution	was	prepared	by	dissolving	5-	FU	 in	purified	water	 to	a	
concentration of 0.01 mg/ml. The injection volume was 20 µl,	and	
UV	detection	was	performed	at	200	nm.	The	calibration	curve	was	
linear,	with	an	R2 value of more than 0.99.

2.5  |  MS imaging for evaluating pregabalin 
penetration into the skin

We	prepared	four	skin	samples	for	the	following	treatments:	0.4%	
pregabalin	PLO	gel	 (1	and	3	h	after	application)	and	0.4%	prega-
balin	aqueous	solution	(1	and	3	h	after	application).	Skin	samples	
were	frozen	at	−80°C,	sliced	to	a	thickness	of	10	µm	to	make	skin	
depth	section,	and	placed	on	an	ITO-	coated	glass	slide	(Matsunami	
Glass).	The	sliced	samples	were	coated	to	0.7	µm	thickness	with	
α-	cyano-	4-	hydroxycinnamic	 acid	 (CHCA)	 using	 the	 sublimation	
method	by	iMLayer	(Shimadzu).	After	the	matrix	was	coated,	MS	
imaging	was	performed	using	iMScope	TRIO	(Shimadzu)	to	evalu-
ate	the	penetration	of	pregabalin	into	the	skin.	The	conditions	of	
MS	 imaging	are	 shown	 in	Table	1.	The	 tissue	 sections	were	uni-
formly	coated	with	a	matrix	ionization	aid,	irradiated	with	a	laser,	
ionized	for	MS.

2.6  |  Preparation of a mouse model of diabetic 
neuropathy (DN)

Male	C57BL/6J	mice	were	maintained	in	a	12/12	h	light/dark	cycle	
with	free	access	to	food	and	water.	A	single	dose	of	streptozotocin	
(8	mg/ml,	 25	ml/kg)	 in	 saline	water	was	 administered	 intraperito-
neally	to	each	mouse.	After	1	week,	blood	was	collected	from	the	
tail	vein,	and	the	blood	glucose	level	was	measured	using	a	glucose	

meter	(Medisafe	mini	GR102;	Terumo)	under	isoflurane	anesthesia.	
Mice	with	blood	glucose	levels	exceeding	400	mg/dl	were	defined	
as	DN	model	mice.13

2.7  |  von Frey filament test for evaluating the 
in vivo analgesic effects of pregabalin formulations in 
DN model mice

The	von	Frey	filament	test,	which	has	been	considered	as	a	standard	
method	to	evaluate	allodynia	in	vivo,14,15 was performed according 
to a previous study13 with some modifications. Under isoflurane 
anesthesia,	PLO	gel	without	pregabalin	(control)	was	applied	to	the	
back	of	the	right	foot	and	0.4%	pregabalin	PLO	gel	was	applied	to	
the	back	of	the	left	foot.	(Figure	1)	The	amount	of	PLO	gel	used	was	
40	mg.	Regarding	the	aqueous	solution,	40	µl	of	purified	water	(con-
trol)	and	0.4%	aqueous	pregabalin	solution	were	applied	to	the	back	
of	the	left	and	right	foot	of	the	mice,	respectively,	under	isoflurane	
anesthesia.	After	30	min	of	anesthesia,	each	mouse	was	acclimatized	
to	a	meshed	table	in	a	transparent	box	until	further	evaluation.	The	
von	Frey	filament	test	was	performed	using	an	Ugo	Basile	Dynamic	
Planter	 Anesthesiometer	 37450	 (Ugo	 Basile	 Biological	 Research	
Apparatus	Company).	The	filament	 (0.5	mm	diameter)	was	applied	
to	each	target	area	(back	paw)	at	1	g/s,	and	the	time	until	withdrawal	
motion	was	measured	 (time	 to	 reaction).	Measurements	 were	 re-
peated	three	times	for	each	point,	and	the	average	value	was	used	
for the analysis. The test was performed at 23 ± 2°C and a humidity 
of 50% ± 20%.

2.8  |  Statistical analysis

Statistical analyses for comparison were conducted using Student's 
t-	test	between	two	groups.	Statistical	significance	was	set	at	p < .05. 
Statistical	analyses	were	performed	using	JMP	Pro	version	14	(SAS	
Institute	Japan).

TA B L E  1 Measurement	conditions	of	iMScope	TRIO

MS parameter

Measuring	pitch	(µm) 10

Ion polarity Positive

Mass	range m/z	156–	163

Accumulations	(count/pixel) 1

Sample	voltage	(kV) 3.5

Detector	voltage	(kV) 2.1

No.	of	laser	shots 50

Laser	frequency	(Hz) 1000

Laser	irradiation	diameter	setting	(µm) 10

Laser	intensity 24

Note: MS	parameter	of	the	iMScope	TRIO.	All	skin	samples	were	
measured	under	the	same	conditions	using	these	MS	parameters.
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3  |  RESULTS

3.1  |  In vitro skin permeability evaluation of 
pregabalin

The	skin	permeability	of	pregabalin	was	assessed	in	the	aqueous	so-
lution	and	PLO	gel	formulations.	Pregabalin	was	first	detected	in	the	
receiver	flask	45	min	after	the	application	of	the	PLO	gel,	and	was	
detected	1	h	after	the	application	of	the	aqueous	solution.	Figure	2	
shows	that	pregabalin	 in	the	0.4%	PLO	gel	 formulation	permeated	
approximately	 four	 times	 more	 than	 the	 aqueous	 solution.	 Skin	
permeation was not observed in either hydrophilic or hydrophobic 
cream formulations.

3.2  |  MS imaging for evaluating pregabalin skin 
penetration

In	 the	 in	 vitro	 transdermal	 permeability	 studies,	 permeation	 of	
pregabalin	was	observed	 in	 the	aqueous	solution	and	 the	PLO	gel	
(Figure	2),	so	MS	imaging	was	performed	for	these	two	formulations	
to	 evaluate	 the	 penetration	 depth	 of	 pregabalin	 within	 the	 skin.	
Pregabalin-	derived	peaks	were	observed	at	m/z	160.134	in	both	for-
mulations	as	shown	in	Figure	3.	The	MS	imaging	on	the	right	panel	
and	the	optical	image	of	the	left	panel	in	(A)–	(D)	are	the	same	sec-
tions.	Figure	4	shows	the	distribution	of	pregabalin	in	the	skin	after	
application.	Pregabalin	was	mainly	found	in	the	epidermis,	whereas	
it	was	distributed	to	 the	dermis	 in	 the	PLO	gel.	Both	 formulations	
appeared to increase the amount of pregabalin deposited over time 
(1	to	3	h	after	application).

3.3  |  von Frey filament test for evaluating the 
in vivo analgesic effects of pregabalin formulations in 
DN mouse model

The analgesic effects after transdermal application of 0.4% pre-
gabalin	PLO	gel	or	an	aqueous	solution	of	pregabalin	are	shown	in	
Figure	5.	In	the	0.4%	pregabalin	PLO	gel,	a	significant	analgesic	ef-
fect	was	observed	1.5	h	after	drug	application	(p =	.0491).	This	ef-
fect	was	also	observed	3	h	after	drug	application,	but	there	was	a	
slight	trend	toward	significance	(p =	.0650).	Concerning	the	aqueous	
solution	of	pregabalin,	no	significant	analgesic	effect	was	observed	
at	either	1.5	or	3	h	after	transdermal	application	(p =	.497	and	.361,	
respectively).

4  |  DISCUSSION

Hydrophilic compounds generally show low permeability through 
the	skin	with	the	stratum	corneum	(outer	layer	of	the	skin)	being	the	
primary	barrier.	In	this	study,	we	prepared	transdermal	formulations	
of pregabalin using various bases to improve its transdermal perme-
ability.	Due	to	the	high	solubility	of	pregabalin	 in	water,	 the	maxi-
mum concentration of pregabalin in an aqueous solution is 12 mg/
ml	(1.2%	w/v)	at	25°C.16	We	prepared	pregabalin	formulations	from	
a	1%	pregabalin	aqueous	solution	by	mixing	with	bases	or	additives,	
so the final concentration of the pregabalin preparations evaluated 
in this study was set at 0.4%.

In	 the	 in	vitro	skin	permeability	experiments	using	Franz	dif-
fusion	cells,	permeation	of	pregabalin	was	observed	45	min	after	
the	application	of	 the	PLO	gel	and	1	h	for	 the	aqueous	solution.	
The	results	indicated	higher	skin	permeation	of	the	PLO	gel	than	

F I G U R E  1 The	locations	of	the	topical	application.	The	
formulations	were	applied	to	the	back	of	the	feet	in	DN	model	
mice. The locations we applied are circled with a dotted line. The 
photo on the right is an enlargement of the photo on the left

F I G U R E  2 Skin	permeability	of	0.4%	pregabalin	formulations.	
Each	value	is	expressed	as	the	mean	±	SEM	(n =	5	for	PLO	gel	
and	aqueous	solution,	n =	4	for	hydrophilic	and	lipophilic	creams)	
*p <	.05,	versus	aqueous	solution.	In	vitro	skin	permeability	of	
pregabalin	was	observed	in	both	the	aqueous	solution	and	PLO	
gel	formulations.	Pregabalin	in	the	0.4%	PLO	gel	formulation	
permeated	approximately	four	times	more	than	in	the	aqueous	
solution.	Skin	permeation	was	not	observed	in	the	hydrophilic	and	
lipophilic cream formulations
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the	aqueous	 solution	 (Figure	2).	The	base	of	 the	PLO	gel	prepa-
ration	contained	poloxamer	407,	lecithin,	and	isopropyl	palmitate	
to	 improve	 drug	 skin	 permeability.17	 Poloxamer	 407	 is	 a	 block	
copolymer	 composed	 of	 a	 polyoxypropylene	 chain	 (POP)	 and	
polyoxyethylene	 acid	 (POE)	 as	 a	 surfactant.	 It	 has	 amphiphilic	
properties and binds to pregabalin to release it from the base.18 
Lecithin	 is	 a	 phospholipid	 that	 functions	 as	 an	 absorption	 en-
hancer by softening the stratum corneum and creating gaps in 
its	structure.	Isopropyl	palmitic	acid	is	an	ester	with	the	excellent	
spreading ability and enhances the effects of the formulations by 
solubilizing	 lecithin.	 These	 components	 increased	drug	diffusion	
in	the	base	and	the	affinity	for	the	skin,	which	may	have	enhanced	
the	skin	permeability	of	pregabalin.

In	contrast,	the	permeation	of	pregabalin	was	not	observed	in	the	
cream	formulations.	In	the	case	of	the	hydrophilic	cream	preparation,	
it	was	considered	that	it	had	a	high	affinity	with	pregabalin,	Hence,	
it was difficult for pregabalin to distribute from this preparation into 
the	skin.	Although	the	lipophilic	cream	preparation	was	thoroughly	
mixed	with	pregabalin,	 it	 is	 likely	that	pregabalin	could	not	diffuse	
easily	within	it	because	of	the	hydrophilic	properties	of	pregabalin,	
which resulted in the low permeability of this preparation.

The	skin	permeability	of	 the	PLO	gel	of	gabapentin,	which	has	
similar	 physicochemical	 properties	 as	 pregabalin,	 was	 measured	

using	a	Franz	diffusion	cell.11	In	a	previous	study,	1	h	the	application	
of	300	mg	of	gabapentin	PLO	gel	to	porcine	skin,	0.125	±	0.118	μg/
cm2	gabapentin	was	found	to	have	penetrated	the	skin.	Gabapentin	
PLO	gel	was	more	permeable	 than	 the	other	 formulations	used	 in	
that	 study.	 In	 the	present	 study,	 after	1	h	after	 the	application	of	
310	mg	of	pregabalin	PLO	gel	 to	hairless	mouse	skin,	 the	concen-
tration	of	pregabalin	in	the	receptor	compartment	was	0.568	μg/ml. 
This	amount	corresponded	to	2.246	μg/cm2,	considering	the	volume	
and	area	of	the	Franz	diffusion	cell.	 It	 is	speculated	that	the	pene-
tration	of	pregabalin	 into	the	skin	has	higher	than	gabapentin,	but	
further	investigation	is	necessary	due	to	the	different	experimental	
conditions and not a direct comparison.

The	pregabalin	PLO	gel	did	not	have	an	 increased	penetration	
2 and 3 h after application when it showed a steady state. On the 
contrary,	the	gabapentin	PLO	gel	of	the	previous	study	showed	an	
increase	at	2	and	3	h	after	application,	so	there	is	a	difference	in	the	
permeation	behavior	between	pregabalin	and	gabapentin.	The	PLO	
gel of pregabalin has a higher immediate effect than that of gabapen-
tin,	and	it	may	be	easier	to	apply	in	clinical	settings.

MS	 imaging	 indicated	 the	differences	 in	pregabalin	 skin	pen-
etration	between	the	aqueous	solution	and	the	PLO	gel.	There	is	
a	 report	 that	 the	 thickness	of	 the	epidermis	 is	7–	9	μm,	and	 that	
of	 the	dermis	 is	360–	380	μm in mice.19	 In	 the	aqueous	solution,	

F I G U R E  3 Mass	spectra	of	pregabalin	after	application.	(A)	0.4%	PLO	gel	(B)	0.4%	aqueous	solution	in	the	0.4%	PLO	gel	and	0.4%	
aqueous	solution	formulations,	a	pregabalin	peak	was	confirmed	at	160.134,	and	a	pregabalin	fragment	peak	was	confirmed	near	162.056	in	
the	mass	spectrum.	This	confirmed	that	pregabalin	was	present	in	the	0.4%	PLO	gel	and	0.4%	aqueous	solution	formulations
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pregabalin	 was	 distributed	 mainly	 near	 the	 epidermis;	 however,	
in	the	PLO	gel,	pregabalin	penetrated	the	dermis,	where	the	skin	
nerves	are	located.	This	result	suggests	that	pregabalin	in	the	PLO	
gel	 can	 penetrate	 the	 dermis,	 affecting	 the	 peripheral	 nerves	 in	

the	skin.	 In	contrast,	since	the	aqueous	solution	penetrated	only	
near	 the	 epidermis,	 it	 could	 not	 reach	 the	 peripheral	 nerves,	 so	
an	 analgesic	 effect	 was	 unlikely	 to	 occur.	 The	 difference	 in	 the	
distribution	properties	of	pregabalin	between	the	PLO	gel	and	the	

F I G U R E  4 Distribution	of	pregabalin	
after	application.	(A)	1	h	after	application	
of	0.4%	PLO	gel	(B)	3	h	after	application	
of	0.4%	PLO	gel	(C)	1	h	after	application	
of	0.4%	aqueous	solution	(D)	3	h	after	
application of 0.4% aqueous solution. 
From	the	photographs	of	the	skin,	the	
extent	to	which	pregabalin	penetrated	
was	confirmed.	The	intra-	skin	MS-	images	
of	pregabalin	are	indicated	in	pink	in	the	
right	panels,	which	are	matching	with	the	
optical	images	of	the	skin	longitudinal	
sections.	In	(A,	B),	it	was	confirmed	that	
pregabalin	in	0.4%	PLO	gel	formulation	
was distributed in the vicinity of the 
dermis	over	time.	In	(C,	D),	pregabalin	in	
0.4% aqueous solution was distributed 
near the epidermis over time
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aqueous	solution,	as	demonstrated	via	MS	imaging,	supports	the	
results	of	the	pharmacological	experiment	in	this	study.	Pregabalin	
in	the	PLO	gel	was	distributed	and	accumulated	in	the	dermis	3	h	
after	application.	However,	no	significant	analgesic	effect	was	ob-
served	3	 h	 after	 application	 in	 the	 pharmacological	 study,	while	
the	analgesic	effect	tended	to	remain	(p =	 .0650)	(Figure	5).	This	
time	discrepancy	can	be	attributed	 to	 the	differences	 in	 the	ex-
perimental	 conditions,	 in	 the	 in	 vivo	 study,	 the	 sink	 condition	
(i.e.,	washout	effect	due	to	blood	flow)	may	have	helped	the	drug	
permeate	 continuously	 through	 the	 skin.	 The	 intensity	 of	 the	
pregabalin-	associated	MS	imaging	appeared	to	be	corresponding	
to the in vivo analgesic effect.

Some studies have evaluated the analgesic effect of systemic 
pregabalin	administration	using	the	von	Frey	filament	test.7,13,20 In a 
previous study of the analgesic effect after intraperitoneal adminis-
tration	of	10	mg/kg	pregabalin	to	DN	model	mice,	the	time	to	react	

was reported to be 3.29 ± 0.74 s for the control and 4.59 ± 0.59 s for 
pregabalin.13 It is difficult to directly compare the values of time to 
react because the administration route of pregabalin was different; 
however,	 the	value	 for	 the	control	observed	 in	our	 study	virtually	
agrees with the previous value noted above.

Some studies have also reported the analgesic effect of trans-
dermal	pregabalin	preparations,	that	is,	an	aqueous	solution	or	PLO	
gel of pregabalin.9,21	 According	 to	 one	 report,9 an aqueous solu-
tion	of	pregabalin	(0.25	or	0.75%)	had	a	significant	analgesic	effect	
1.5 h after application in a spinal nerve ligation model in mice. This 
previous	study	did	not	clearly	state	the	amount	applied,	and	it	was	
performed using different pain models from the one used in the 
present	study,	which	might	have	led	to	different	results.	According	
to	another	report,21	topical	application	of	a	10%	pregabalin	PLO	gel	
to the infraorbital nerve territory in the vibrissae area significantly 
increased the threshold of tactile allodynia. There are some reports 
for	 the	 expression	 of	 alpha-	2-	delta	 containing	 voltage-	dependent	
calcium	channels	on	the	skin,22,23 and it is considered that the action 
of pregabalin is mediated by them.

In	the	present	study,	transdermal	administration	of	a	0.4%	pre-
gabalin	PLO	gel	was	shown	to	have	an	analgesic	effect	 in	diabetic	
neuropathy	for	the	first	time,	which	was	found	at	lower	and,	more	
clinically viable concentrations.

In	this	study,	we	applied	the	drug	to	mouse	skin	to	evaluate	the	
permeability	 of	 pregabalin.	However,	when	 the	 drug	 is	 applied	 to	
human	skin	in	clinical	settings,	skin	permeability	may	change	due	to	
differences	between	mice	and	human	skin.	In	addition,	although	this	
was	only	 a	 single-	dose	 study,	pregabalin	PLO	gels	may	be	applied	
repeatedly	in	clinical	settings,	and	further	research	on	the	analgesic	
effects and side effects of repeated applications is necessary.

In	conclusion,	this	study	indicated	for	the	first	time	that	prega-
balin	penetrated	beyond	the	skin	epidermis	up	to	the	dermis,	from	
the	PLO	gel	formulation,	and	that	the	application	of	this	formulation	
exhibited	an	in	vivo	analgesic	effect	in	the	mouse	model	of	diabetic	
neuropathy.
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