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Purpose: In the clinical setting, raloxifene, a second-generation selective estrogen receptor
modulator, is administered orally; however, the bioavailability (BA) is only 2% because of
its poor solubility in aqueous fluids and its extensive first-pass metabolism. Therefore, it is
expected that the development of a transdermally delivered formulation may reduce the neces-
sary dose without compromising its therapeutic efficacy. In this study, we designed transdermal
formulations containing raloxifene nanoparticles and evaluated their usefulness for osteopo-
rosis therapy.

Methods: Raloxifene was crushed with methylcellulose by the bead mill method, and the
milled raloxifene was gelled with or without menthol (a permeation enhancer) by Carbopol®
934 (without menthol, Ral-NPs; with menthol, mRal-NPs). The drug release and transdermal
penetration were measured using a Franz diffusion cell, and the therapeutic evaluation of
osteoporosis was determined in an ovariectomized rat model.

Results: The mean particle size of raloxifene in the transdermal formulation (Ral-NPs) was
173.7 nm. Although the raloxifene released from Ral-NPs remained in the nanoparticle state,
the skin penetration of raloxifene nanoparticles was prevented by the stratum corneum in rat.
On the other hand, inclusion of menthol in the formulation attenuated the barrier function of
the stratum corneum and permitted the penetration of raloxifene nanoparticles through the skin.
Moreover, macropinocytosis relates to the skin penetration of the formulation including menthol
(mRal-NPs), since penetration was inhibited by treatment with 2 UM rottlerin, a macropinocytosis
inhibitor. In addition, the application of 0.3% mRal-NPs (once a day) attenuated the decreases
in calcium level and stiffness of the bones of ovariectomized rat.

Conclusion: We prepared raloxifene solid nanoparticles by a bead mill method and designed a
novel transdermal formulation containing nanoparticles and permeation enhancers. These trans-
dermal formulations overcome the barrier properties of the skin and show high drug penetration
through the transdermal route (BA 8.5%). In addition, we found that raloxifene transdermal
formulations are useful for the treatment of osteoporosis in ovariectomized rat.

Keywords: nanomedicine, transdermal delivery system, permeation enhancer, endocy-

tosis, skin

Plain language summary

In the clinical setting, raloxifene, a second-generation selective estrogen receptor modulator,
is administered orally; however, the bioavailability (BA) is only 2% because of its poor
solubility in aqueous fluids and its extensive first-pass metabolism. In this study, we designed
transdermal formulations containing raloxifene nanoparticles to improve the low BA by using
a permeation enhancer (menthol) and bead mill method and evaluated their usefulness for
osteoporosis therapy. Menthol attenuates the barrier function of the stratum corneum, allowing
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raloxifene particles ~100-450 nm in size to transit into the underly-
ing epidermis. After that, raloxifene may dissolve and diffuse into
the epidermis and dermis and finally be absorbed into the blood
circulation (BA 8.5%). The enhanced levels of plasma raloxifene
provide efficient and effective therapy for osteoporosis. It appears
that macropinocytosis is related to the skin penetration of raloxifene
nanoparticles into the epidermis or dermis layers of the skin.

Introduction

Osteoporosis is a common systemic skeletal condition that
is related to low bone mineral density and pathological
fractures.! Osteoporosis results from insufficient postmeno-
pausal estrogen levels and collapse of the balance between
osteoclasts and osteoblasts.? The main pharmacologic agents
used for treatment are anti-resorptives that prevent the action
and development of osteoclasts.’ Raloxifene hydrochloride
(raloxifene), one such pharmacologic agent, has a molecular
weight of 510.04 g/mol and an octanol/water partition coef-
ficient of 3.81. Raloxifene is a benzothiophene derivative,
classified pharmacologically as a selective estrogen receptor
modulator (SERM), and is effective for the prevention and
treatment of osteoporosis.* It is mostly supplied as 60 mg
tablets as the daily dose for patients and is approved for the
prevention and treatment of postmenopausal osteoporosis.
In addition, it serves as an estrogen substitute in long-term
female hormone replacement therapy and reduces the risk
of invasive breast cancer in postmenopausal women.>¢
Raloxifene is characterized by its high permeability, low
solubility, and low BA” and belongs to Biopharmaceutical
Classification System class II drugs. Moreover, the absolute
BA ofraloxifene in oral administration is ~2% due to its poor
water solubility and extensive first-pass metabolism via the
liver.® Therefore, it is hypothesized that raloxifene could be a
more effective drug for the prevention and treatment of osteo-
porosis, for the prevention of breast cancer, and for hormone
replacement therapy if its BA could be enhanced.’

A transdermal delivery system offers a way to avoid
first-pass metabolism and drug—drug interactions. The
steps needed for the percutaneous absorption of traditional
transdermal formulations are as follows: 1) penetration into
the stratum corneum under the influence of a concentration
gradient, 2) subsequent diffusion through the stratum
corneum — underlying epidermis — dermis, and 3) transition
into the blood circulation. In this process, the transdermal
route is limited by the barrier properties of the skin’s outer
stratum corneum, and the amount that can be administered
transdermally is quite low. Therefore, it is necessary to
overcome the barrier properties of the skin if a drug is to be

delivered via that route. The use of a micro-needle,'*!! thera-
peutic 1 MHz frequency sonophoresis,'>!* iontophoresis, !5
patches,!®!” permeation enhancers, and liposomes'® have been
demonstrated to be helpful for overcoming the barrier proper-
ties of the skin. Formulations containing nanoparticles have
been investigated as nanomedicines.!** We also reported
that transdermal formulations containing solid nanoparticles
can enhance the percutaneous absorption of a drug,* and
it is expected that solid nanoparticles may provide a novel
strategy for transdermal drug delivery systems.

In this study, we designed a transdermal formulation
containing raloxifene nanoparticles (raloxifene transdermal
formulation) and demonstrated the mechanism of skin
penetration in the application of this raloxifene transdermal
formulation. In addition, we investigated the therapeutic
effect of the raloxifene transdermal formulation on postmeno-
pausal osteoporosis using ovariectomized rats (OVX rat)
as a model.

Materials and methods

Animals

Female 5-week-old Wistar rats were purchased from Shimizu
Laboratory Supplies Co., Ltd. (Kyoto, Japan), and either sham
operated (Sham rat) or ovariectomized (OVX rat), and used
for the therapeutic evaluation of osteoporosis. In addition,
female 7-week-old Wistar rats were used in experiments
to evaluate the skin penetration of raloxifene transdermal
formulations. All rats were provided with a normal diet
(CE-2 formulation diet, http://www.clea-japan.com/Feed/

ce2.html) and water (Clea Japan Inc., Tokyo, Japan), and
housed at 25°C (light: 7:00 am to 7:00 pm). All experiments
using rats were carried out in accordance with the Pharmacy
Committee Guidelines for the Care and Use of Laboratory
Animals in Kindai University and approved on April 1,2013
(project identification code KAPS-25-002). In addition,
all procedures were in accordance with the Guiding Prin-
ciples approved by The Japanese Pharmacological Society
and with the guidelines for animal experimentation of the
International Association for the Study.

Chemicals

Conventional raloxifene powder (particle size, 4.911£0.31 um,
mean = SD), I-menthol (menthol), isoflurane, methyl
p-hydroxybenzoate, and cytochalasin D were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Carbopol® 934 (carbopol and carboxypolymethylene) and
nystatin were provided from Serva (Heidelberg, Germany),
and Sigma-Aldrich Japan (Tokyo, Japan) respectively.
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Methylcellulose (MC), obtained from Shin-Etsu Chemical
Co., Ltd. (Tokyo, Japan), had an average viscosity of ~4 Pa-s
at 20°C. Dynasore and rottlerin were purchased from Nacalai
Tesque (Kyoto, Japan). All other chemicals were used with
the highest purity commercially available.

Preparation of raloxifene transdermal

formulations

Raloxifene powder and MC were mixed in distilled water
and crushed at 3,000 rpm for 30 s x30 times by the bead mill
method using Bead Smash 12 (Wakenyaku Co. Ltd, Kyoto,
Japan).?** In the preparation of raloxifene transdermal
formulation containing menthol, menthol was added to the
milled raloxifene dispersion, then stirred and sonicated. After
that, the raloxifene dispersions with or without menthol
were gelled by carbopol dissolved in distilled water (without
menthol, Ral-NPs; with menthol, mRal-NPs). Transdermal
formulations containing raloxifene microparticles were
prepared by mixing raloxifene powder, MC, and/or menthol
in carbopol gel (without menthol, Ral-MPs; with menthol,
mRal-MPs). Table 1 shows the compositions of the trans-
dermal formulations containing raloxifene micro- and
nanoparticles.

Particle size and images of raloxifene

in transdermal formulations

The particle size of raloxifene was measured by a nanoparticle
size analyzer SALD-7100 (Shimadzu Corp., Kyoto, Japan)
and NANOSIGHT LM10 (QuantumDesign Japan, Tokyo,
Japan), and the number of raloxifene nanoparticles was also
determined using the NANOSIGHT LM10. The complex
refractive index was evaluated from the measurement data
for raloxifene micro- and nanoparticles and set at 1.60—0.010i
in the SALD-7100. The conditions for NANOSIGHT LM10
were as follows: measurement time, 60 s; wavelength, 405 nm
(blue); viscosity of the suspension; 0.904-0.906 mPa-s.

Table | Compositions of raloxifene transdermal formulations

Particle images were obtained under an atomic force micro-
scope using SPM-9700 (Shimadzu Corp.).

Dispersity of raloxifene particles

in transdermal formulations

The experiment was performed according to our previous
report.2* Raloxifene transdermal formulations were divided
into 10 parts and kept at 22°C for 0-30 days. The raloxifene
concentration in each part was measured by a LC-20AT
system (HPLC; Shimadzu Corp.) with 1 pwg/mL methyl
p-hydroxybenzoate used as an internal standard. The mobile
phase consisted of 50 mM phosphate buffer/acetonitrile
(75725, v/v) at a flow rate of 0.25 mL/min. A 2.1x50 mm
Inertsil® ODS-3 column (GL Science Co., Inc., Tokyo,
Japan) was used at 35°C, and the wavelength for detection
was 287 nm. The particle size, number, and concentration of
raloxifene in the samples were obtained by the NANOSIGHT
LM10 and HPLC methods described above.

Release of raloxifene from transdermal

formulations

The experiment was performed according to our previous
report using a membrane filter and Franz diffusion cell.*
An O-ring flange (1.6 cm internal diameter) was placed on
a 450 nm-pore size MFTM-MEMBRANE FILTER (Merck
Millipore, Tokyo, Japan), and 0.3 g of transdermal formu-
lation was spread uniformly over the filter. The filter was
set in a Franz diffusion cell (reservoir volume 12.2 mL)
filled with 10 mM phosphate buffer (measurement of drug
release) or distilled water (measurement of particle size
frequency), and 100 uL of sample solution was withdrawn
from the reservoir chamber.?* The Franz diffusion cell was
thermoregulated at 37°C, and the particle size, number, and
concentration of raloxifene in the samples were determined
using the NANOSIGHT LM10 and HPLC methods described
above. The area under the raloxifene concentration—time

Formulation Content (g) Treatment
Raloxifene MC Menthol Carbopol Distilled
water ad.
Ral-MPs 0.003-0.3 0.5 - 3 100 -
Ral-NPs 0.003-0.3 0.5 - 3 100 Bead mill
mRal-MPs 0.003-0.3 0.5 2 3 100 -
mRal-NPs 0.003-0.3 0.5 2 3 100 Bead mill

Abbreviations: MC, methylcellulose; mRal-MPs, transdermal formulation containing raloxifene microparticles and menthol; mRal-NPs, transdermal formulation containing
raloxifene nanoparticles and menthol; Ral-MPs, transdermal formulation containing raloxifene microparticles; Ral-NPs, transdermal formulation containing raloxifene

nanoparticles.
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curve (AUC
to the last raloxifene measurement point (24 h).

) was estimated by the trapezoidal rule up

Release

Skin penetration of raloxifene

transdermal formulations

The experiment was performed according to our previous
report using rat skin and a Franz diffusion cell.?* The hair on
the abdominal area of rats was removed on the day before the
experiment. The abdominal skin with or without the stratum
corneum was removed from the rats at 7 weeks of age, and
0.3% raloxifene transdermal formulation (0.3 g) was spread
uniformly over the abdominal skin. The stratum corneum
was removed by the tape stripping method as necessary.
In the experiment using skin treated with menthol and
endocytosis inhibitors, 2% menthol solution or endocytosis
inhibitors were applied to the abdominal skin for 1 h prior
to the application of the transdermal formulation. After that,
the skin samples were set in the Franz diffusion cell filled
with 10 mM phosphate buffer (in the experiment involving
endocytosis inhibition, 10 mM phosphate buffer with endo-
cytosis inhibitor was used). The experimental conditions were
the same as for the Franz diffusion cell experiment described
above. In this study, four endocytosis inhibitors dissolved
in 0.5% dimethyl sulfoxide (DMSO; 54 uM nystatin,*
caveolae-dependent endocytosis inhibitor; 40 LM dynasore,”
clathrin-dependent endocytosis inhibitor; 2 UM rottlerin,
macropinocytosis inhibitor; 10 UM cytochalasin D,? phago-
cytosis inhibitor) were used. The areas under the penetrated
raloxifene concentration-time curves (AUC, .
measured by the AUC method described above.

) were

Percutaneous absorption of raloxifene

transdermal formulations

The experiment was performed according to our previous
report.?* The hair on the abdominal area was removed on the
day before the experiment. Raloxifene 0.3% transdermal for-
mulations (0.3 g) were applied to the shaved abdominal skin
of 7-week-old Wistar rats, and blood sample was collected
from the right jugular vein. In the repetitive application study,
the skin surface was washed with saline, and the transdermal
formulation was reapplied every 24 h. The blood sample
was centrifuged (800x g, 20 min, 4°C), and the plasma
concentrations and the areas under the plasma raloxifene
concentration-time curves (AUC,_ ) were measured by
the HPLC and AUC methods described above. In addition,
the raloxifene concentration was analyzed according to
Equations 1-3.%

In a single intravenous injection, 300 L of raloxifene in
1% DMSO (200 pg/kg) was injected into the femoral vein,
and the concentration in the plasma was calculated accord-
ing to Equation 1:

C, =C ek (1)

where C, is raloxifene concentration in the plasma, C, is
the initial concentration in the plasma (40.84+3.9 ng/mL),
k, is the elimination rate constant (2.0£0.1x10h™"), and ¥,
is distribution volume (4.9 mL/g). These data were obtained
from seven experiments and used to analyze the pharmacoki-
netic parameters for the percutaneous absorption by using
Equations 2 and 3.

In a single transdermal administration, the percutane-
ous absorption of raloxifene was calculated according to
Equation 2:

ka'F'D ( k-t —k -t) (2)
= (e " —eg ™
Ral V:j (ka_ke)

where C,  is the plasma raloxifene concentration, D is the
dose (0.3% mRal-NPs, 0.3 g), &, is the absorption rate con-
stant, ¢ is time (024 hour), F is the fraction. V', was obtained
from the above data for a single intravenous injection.

The plasma raloxifene concentration data after repetitive
transdermal administration (0.3 g/day, interval 24 h) were
estimated by Equation 3:

c - ka F-D 1—e Nkt kot _ l—e Nkt Y
Ral Vd (ka _ke) : 1_e—kc,1: l_e—ka.t

where N and 7 are the frequency and interval (24 h),

respectively. A nonlinear least-squares fitting program
(MULTI Excel edition, Microsoft Office Excel 2016; Micro-
soft Corporation, Redmond, WA, USA) was employed for
these calculation (Equations 1-3).%*

Application of raloxifene transdermal
formulations to OVX rats

The hair on the abdominal area was removed on the day
before the experiment, and 0.003%—0.3% raloxifene trans-
dermal formulations (0.3 g) were applied to the shaved
abdominal skin once a day (2:00 pm) for 1 month (6- to
10-week-old OVX rats). After the first application, the hair on
the abdominal area was carefully removed every 4 days.
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Measurement of Ca content in the bones
of OVX rats

The femurs of OVX rats were removed and boiled for 2 h
and then calcined in a muffle furnace KDF S-80 (Sansyo Co.,
Ltd., Osaka, Japan) at 550°C for 48 h. The calcined femur
was dissolved in 1% nitric acid and filtered through a 0.45 um
membrane filter. In this study, the calcium ion (Ca**) content
of the filtrated solution was measured using an inductively
coupled plasma-atomic emission spectrometer [CPS-7500
(ICP-AES; Shimadzu Corp.) and represented as the calcium
(Ca) content in the femur.

Measurement of bone stiffness
in OVX rats

The femurs of OV X rats were removed and washed in saline.
The stiffness of the washed femur was measured using a
hardness tester (ICP-AES; Shimadzu Corp.).

Statistical analysis

A minimum P-value of 0.05 (P<<0.05) was chosen as the
significance level. Student’s or Aspin—Welch’s #-tests were
used for two group comparisons, and one-way ANOVA
followed by Dunnett’s multiple comparison was used for
multiple group comparisons. Data from the SALD-7100 are
expressed as the mean + SD; other data are expressed as the
mean * standard error (SE) of the mean.

Results
Effect of menthol on the transdermal
delivery of raloxifene nanoparticles

in rats

Figure 1 shows the size frequency and an image of the
raloxifene particles in the transdermal formulation. The
raloxifene became meringue-like when subjected to the bead
mill method using Ral-MC. On the other hand, the ralox-
ifene particles remained in the nano size range produced by
the combination of MC and bead mill treatment, and the par-
ticle size and number in 0.3% Ral-NPs were 173.727.1 nm
and 67.6+1.88x10° particles/0.3 g, respectively (NANO-
SIGHT LM10). The size frequency and image show no
differences between transdermal formulations with or
without menthol, and the particle size and number in mRal-
NPs were 167.216.8 nm and 70.1£1.53x10° particles/0.3 g,
respectively. In addition, the levels of dissolved raloxifene
were low in the 0.3% raloxifene transdermal formulations
listed in Table 1 (Ral-MPs 8.15+0.51 pg/g, mRal-MPs
8.2810.46 ng/g, Ral-NPs 10.45+0.54 pg/g, mRal-NPs

10.81+0.55 pg/g, n=5). Figure 2 shows the changes in
particle size, form, and concentration after the preparation
of the raloxifene transdermal formulations. No changes
in form or concentration in either Ral-NPs or mRal-NPs
were observed 30 days after the bead mill treatment, and
the particle size (Ral-NPs 220.0£14.7 nm, mRal-NPs
218.6+14.5 nm) remained in the nanoparticle range. The
number of raloxifene nanoparticles in mRal-NPs was
also similar to that in Ral-NPs (Ral-NPs 73.4+2.35x10°
particles/0.3 g, mRal-NPs 78.6+2.27x10° particles/0.3 g).
Figure 3 shows the release of raloxifene from the transder-
mal formulations. Raloxifene release from Ral-MPs was
lower than that from Ral-NPs, and the results show that
the raloxifene microparticles were unable to penetrate the
0.45 wm membrane filter since the particle size of the Ral-
MPs was 5.47+0.38 wm. Moreover, the addition of menthol
had no effect on drug release from raloxifene transdermal
formulations. Raloxifene nanoparticles were detected in
the reservoir chamber of the Franz diffusion cell 24 h after
the application of Ral-NPs, and the mean particle size
was 195.51£9.3 nm. The raloxifene particle number in the
reservoir chamber 24 h after the application of Ral-NPs
was 88% of that in the transdermal formulation (Ral-NPs).
In addition, the AUC,
to Ral-NPs, and the particle size frequency and number

in the mRal-NPs was similar

of raloxifene molecules from mRal-NPs also showed no
significant difference in the values of Ral-NPs. Figure 4
shows the skin penetration profiles of raloxifene following
the application of Ral-NPs and mRal-NPs. The skin pen-
etration when Ral-NPs were applied to rats was similar to
that when Ral-MPs or mRal-MPs were applied, although
mRal-NPs showed significantly increased skin penetration.
In addition, the skin penetration of raloxifene nanoparticles
was also enhanced by pretreatment with menthol. On the
other hand, no raloxifene nanoparticles were detected in
the reservoir chamber of the Franz diffusion cell 0-24 h
after the application of transdermal formulations containing
raloxifene micro- or nanoparticles (raloxifene nanoparticles
were not detectable by NANOSIGHT LM 10). Endocytosis
is the major route by which nanomedicines are transported
across the membrane. Therefore, we investigated the rela-
tionship between endocytosis and skin penetration of mRal-
NPs using various types of endocytosis inhibitors. Figure 5
shows the relationship between endocytosis and skin pen-
etration of mRal-NPs. Skin penetration in rats treated
with nystatin (caveolae-dependent endocytosis inhibitor),
dynasore (clathrin-dependent endocytosis inhibitor), and
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Figure | Particle size frequencies and images of raloxifene transdermal formulations with or without menthol.
Notes: Particle size frequencies of Ral-MPs (A), mRal-MPs (B), Ral-NPs (C), and mRal-NPs (D) by SALD-71000. Means + SD and particle size frequencies of Ral-NPs (E)
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Abbreviations: mRal-MPs, transdermal formulation containing raloxifene microparticles and menthol; mRal-NPs, transdermal formulation containing raloxifene nanoparticles
and menthol; Ral-MPs, transdermal formulation containing raloxifene microparticles; Ral-NPs, transdermal formulation containing raloxifene nanoparticles; SE, standard error
of the mean.
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Abbreviations: mRal-MPs, transdermal formulation containing raloxifene microparticles and menthol; mRal-NPs, transdermal formulation containing raloxifene nanoparticles
and menthol; Ral-MPs, transdermal formulation containing raloxifene microparticles; Ral-NPs, transdermal formulation containing raloxifene nanoparticles; SE, standard error
of the mean.
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Figure 3 Drug release from 0.3% raloxifene transdermal formulations through a 450 nm pore membrane.

Notes: (A) Release of raloxifene from Ral-MPs and mRal-MPs. (B) Release of raloxifene from Ral-NPs and mRal-NPs. Changes in AUC,  (C) and nanoparticle number
(D) by the application of raloxifene transdermal formulation. Particle size frequency in the Franz diffusion cell (reservoir chamber) after the application of Ral-NPs (E) and
mRal-NPs (F). The data represent the means + SE, n=6—12. *P<<0.05 vs Ral-MPs. **P<<0.05 vs mRal-MPs. Raloxifene release from Ral-NPs was significantly higher than that
from Ral-MPs, and the raloxifene released from Ral-NPs remained in the nanoparticle state. Moreover, the addition of menthol did not affect raloxifene release from the
transdermal formulation.

Abbreviations: mRal-MPs, transdermal formulation containing raloxifene microparticles and menthol; mRal-NPs, transdermal formulation containing raloxifene nanoparticles
and menthol; Ral-MPs, transdermal formulation containing raloxifene microparticles; Ral-NPs, transdermal formulation containing raloxifene nanoparticles; SE, standard error
of the mean.

cytochalasin D (phagocytosis inhibitor) were similar to the Therape utic effect of mRal-NPs
vehicle groups. On the other hand, the skin penetration of  gn OStGOPOFOSiS in OVX rats
mRal-NPs was significantly decreased by treatment with  Figure 6 shows the percutaneous absorption from raloxifene

rottlerin (macropinocytosis inhibitor), and the AUC transdermal formulations, and Table 2 summarizes the

penetration

treated with rottlerin was only 30.7% of the vehicle. pharmacokinetic parameters analyzed from the data for the
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Figure 4 Skin penetration of raloxifene released from 0.3% raloxifene transdermal formulations.

Notes: (A) Skin penetration of Ral-MPs and mRal-MPs. (B) Skin penetration of Ral-NPs and mRal-NPs. (C) Penetration of Ral-MPs and Ral-NPs through skin pretreated
with menthol. (D) Penetration of Ral-NPs and mRal-NPs through skin from which the stratum corneum was removed. The data represent the means * SE, n=5-8. *P<<0.05
vs Ral-MPs for each category. Menthol attenuated the barrier function of the stratum corneum and permitted the penetration of raloxifene nanoparticles through stratum
corneum.

Abbreviations: mRal-MPs, transdermal formulation containing raloxifene microparticles and menthol; mRal-NPs, transdermal formulation containing raloxifene
nanoparticles and menthol; Ral-MPs, transdermal formulation containing raloxifene microparticles; Ral-NPs, transdermal formulation containing raloxifene nanoparticles;
SE, standard error of the mean.

W

QO Vehicle
40 r| @ Nystatin
35 -| A Dynasore
@ Rottlerin

[e]

o

o
1

A
: —
9 E
g S
"s' .30t B 600 -
g g 25 B Cytochalasin D g T
o= - L
03 20 g400
[«}] b=
@ E 5 ] H
O ~ 2 *
L= 0 3 §200
x on-
o 5
| =
1’4 ook 1 1 I I < 0
0 4 8 12 16 20 24 Vehicle Nystatin Dynasore  Rottlerin Cytochalasin C

Time (h)

Figure 5 Involvement of endocytosis in the skin penetration of raloxifene released from 0.3% mRal-NPs.

Notes: (A) Effect of endocytosis inhibitors on the penetration in mRal-NPs through the skin. (B) Changes in drug penetration levels (AUC, . of mRal-NPs through
endocytosis inhibitor-treated skin. The skin samples were pretreated for | h with 0.5% DMSO (vehicle), 54 UM nystatin, 40 UM dynasore, 2 UM rottlerin, or 10 uM
cytochalasin D. The data represent the means + SE, n=5-8. *P<0.05 vs vehicle for each category. Macropinocytosis is related to the transdermal penetration of raloxifene
nanoparticles.

Abbreviations: mRal-MPs, transdermal formulation containing raloxifene microparticles and menthol; mRal-NPs, transdermal formulation containing raloxifene nanoparticles
and menthol; Ral-MPs, transdermal formulation containing raloxifene microparticles; Ral-NPs, transdermal formulation containing raloxifene nanoparticles; SE, standard error
of the mean; DMSO, dimethyl sulfoxide.
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lines represent the fitted curves for multiple applications of mRal-NPs (0.3 g/day, interval 24 h). The data were estimated according to Equations |-3 and they represent
the means + SE, n=5-6. *P<<0.05 vs Ral-MPs for each category. **P<<0.05 vs mRal-MPs for each category. ***P<<0.05 vs mRal-NPs for each category. The plasma raloxifene
concentration in rats treated with transdermal formulations containing raloxifene nanoparticles was enhanced by the presence of menthol in the formulation.
Abbreviations: mRal-MPs, transdermal formulation containing raloxifene microparticles and menthol; mRal-NPs, transdermal formulation containing raloxifene nanoparticles
and menthol; Ral-MPs, transdermal formulation containing raloxifene microparticles; Ral-NPs, transdermal formulation containing raloxifene nanoparticles; SE, standard error

of the mean.

percutaneous absorption of 0.3% mRal-NPs (Figure 6B).
No differences were found between the percutaneous
absorptions from Ral-MPs and Ral-NPs, and the C___of the
plasma raloxifene concentration was 5.4 nM. The plasma
concentration of raloxifene in rats treated with mRal-MPs was
also similar to that of rats treated with Ral-MPs. On the other
hand, the percutaneous absorption was enhanced by the

Table 2 Pharmacokinetic parameters for the percutaneous
absorption of mRal-NPs

Formulation

mRal-NPs

k (h™)
18.8+1.7

T, .. (h)
25104

C . (nM)
45.14£5.3

BA (%)
8.5+0.9

Notes: 0.3% mRal-NPs (0.3 g) was applied to the skin, and the parameters were
estimated according to Equations 1-3. The data represent the means + SE, n=6.
Abbreviations: BA, bioavailability; k, absorption rate constant; mRal-NPs,
transdermal containing raloxifene nanoparticles and menthol;
SE, standard error of the mean.

formulation

combination of raloxifene nanoparticles and menthol, with the
AUC,, inrats treated with mRal-NPs significantly higher
than that in rats treated with Ral-NPs. The BA was 8.5%,
and the steady state concentration (minimum-maximum) of
raloxifene was 47.1-76.4 nM for the repetitive application of
0.3% Ral-NPs (0.03%, 3.9-7.8 nM; 0.003%, 0.39-0.79 nM).
Figure 7A, C, and E shows changes in body weight (A),
Ca content of the bone (C), and bone stiffness (E) of rats
following ovariectomy. The increase in body weight in OVX
rats was lower than that in sham rats. Twenty-eight days
after ovariectomy, the Ca content and stiffness of the bones
of OVX rats were 74.5% and 65.3% of those of sham rats,
respectively. Figure 7B, D, and F shows the changes in body
weight (B), Ca content of the bone (D), and bone stiffness (F)
in OVX rats treated with 0.003%—-0.3% mRal-NPs. The appli-
cation of 0.3% Ral-MPs or 0.3% mRal-MPs had no effect on
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Figure 7 Changes in body weight, Ca content of the bone, and bone stiffness in OVX rats treated with 0.003%, 0.03%, or 0.3% mRal-NPs, respectively.

Notes: Changes in body weight (A), Ca content of the bone (C), and bone stiffness (E) 0-28 days after ovariectomy. Effects of the application of raloxifene transdermal
formulations on body weight (B), Ca content of the bone (D), and bone stiffness (F) in OVX rats 28 days after ovariectomy. The raloxifene transdermal formulations were
applied for 28 days (0.3 g, once a day) after ovariectomy. The data represent the means + SE, n=5-8. *P<<0.05 vs sham for each category. **P<<0.05 vs vehicle for each
category. mRal-NPs attenuated the decrease in body weight, Ca content of the bone, and stiffness of the bone of OVX rats.

Abbreviations: mRal-MPs, transdermal formulation containing raloxifene microparticles and menthol; mRal-NPs, transdermal formulation containing raloxifene nanoparticles
and menthol; OVX rat, ovariectomized rat; Ral-MPs, transdermal formulation containing raloxifene microparticles; Ral-NPs, transdermal formulation containing raloxifene
nanoparticles; SE, standard error of the mean.

body weight (Ral-MPs 251+18 g, mRal-MPs 248+17 g, n=5),
Ca content of the bone (Ral-MPs 366121 mg/g, mRal-MPs
377425 mg/g, n=5), or bone stiffness (Ral-MPs 19.2+1.9 kg,
mRal-MPs 20.5%1.8 kg, n=5), and no therapeutic effects
were observed in OV X rats treated with 0.3% Ral-NPs (body
weight 259+15 g, Ca contents 378423 mg/g, bone stiffness

20.8%1.6 kg, n=>5). In contrast to the results of 0.3% Ral-MPs,
mRal-MPs, and Ral-NPs, the decreases in body weight and
the Ca content and stiffness of the bone of OVX rats were
attenuated by the application of 0.3% mRal-NPs: body weight,
Ca content, and stiffness of the bone were 1.16-, 1.15-, and
1.36-fold of those of vehicle-treated OV X rats, respectively.
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Discussion

Raloxifene is a second-generation SERM used as therapy for
osteoporosis in postmenopausal women. In the clinical set-
ting, raloxifene is administered orally; however, the absolute
BA of raloxifene is only 2% because of its poor solubility
in aqueous fluids and its extensive first-pass metabolism.?
Therefore, it is expected that the development of a transder-
mally delivered formulation may reduce the necessary dose
without compromising therapeutic efficacy. Many techniques
to enhance drug delivery through transdermal routes have
been studied, such as micro-needles'®!" and iontophoresis.'*!3
Recently, it was reported that the ability of a drug to penetrate
across the skin can be improved by taking advantage of the
nanoparticle size.'*?* In this study, we prepared raloxifene
solid nanoparticles by bead mill methods and designed a
novel transdermal formulation containing nanoparticles and
permeation enhancers. These transdermal formulations over-
come the barrier properties of the skin and show high drug
penetration through the transdermal route (BA 8.5%). In addi-
tion, we found that raloxifene transdermal formulations are
useful for the treatment of osteoporosis in OVX rat.

In previous studies, we showed that MC permits the
preparation of nanoparticles by mill methods,**?* and that
carbopol, a water-soluble gel, is suitable for facilitating drug
release from transdermal formulations containing nanoparti-
cles.?* Therefore, MC and carbopol were selected as additives
in the preparation of transdermal formulations containing
raloxifene nanoparticles. The size of the raloxifene particles
as measured by the NANOSIGHT LMI10 decreased to
173.717.1 nm by bead mill treatment (Figure 1C, E, and G).
On the other hand, the mean particle size as measured by
the SALD-700 was 240 nm. This discrepancy may arise
from the fact that SALD-7100 is a laser diffraction ana-
lyzer, whereas NANOSIGHT LM 10 measures particle size
by a dynamic light scattering method. The difference in
the measurement methods may lead to the discrepancy in
particle size. Raloxifene in the transdermal formulations is
released as nanoparticles, and the release rate of raloxifene
nanoparticles from Ral-NPs into the Franz diffusion cell
was 88% (Figure 3D). In general, it is known that passage
through the stratum corneum is the rate-limiting step in
percutaneous absorption and presents the greatest resistance
to penetration. The infiltration of raloxifene nanoparticles
from the transdermal formulations is also impeded by the
stratum corneum, with the skin penetration of rats treated
with Ral-NPs similar to that of rats treated with Ral-MPs
(Figure 4A and B). We previously reported that particles less
than 100 nm in size (<100 nm) can penetrate skin tissue.>*

However, the size of the raloxifene particles in Ral-NPs is
greater than the drug particles in our previous studies using
tranilast,? indomethacin,®® and ketoprofe.’! These results
show that it may be difficult for particles larger than 100 nm
to penetrate through the stratum corneum.

Terpenes, terpenoids, essential oils, pyrrolidones, fatty
acids, fatty acid ester sulfoxides, alcohols, and glycerides
have been used as permeation enhancers for transdermal drug
delivery and can help overcome the barrier properties of the
stratum corneum.* Menthol is a terpene alcohol that at con-
centrations of 1%—10% (w/v) have been used to enhance per-
cutaneous absorption. Based on these findings, we prepared a
transdermal formulation containing raloxifene nanoparticles
and 2% menthol as an enhancer (mRal-NPs) to overcome
the difficulties in penetration through the stratum corneum.
In contrast to the results of Ral-NPs, mRal-NPs (with
menthol) allowed the drug to penetrate through skin tissue
containing stratum corneum (Figure 4B) and dissolved only
raloxifene (not raloxifene particles) which was observed in
the reservoir chamber of the Franz diffusion cell (not detect-
able by NANOSIGHT LM10). It is known that menthol
enhances skin permeation by two mechanisms. In a transder-
mal delivery study using ibuprofen and menthol, Stott et al*
reported that a hydrogen bonding interaction is the primary
mechanism by which some terpenes form binary eutectic
mixtures with a drug (ibuprofen). The resultant melting
point depression of the delivery system is correlated with a
significant increase in transdermal permeation. As a second
possible mechanism, menthol preferentially distributes into
the intercellular spaces of the stratum corneum, thus altering
the barrier properties of the stratum corneum and causing a
reversible disruption of the lipid domains, resulting in an
increase in drug skin absorption.’** Although there were
no differences between the penetration of Ral-MPs through
skin pretreated with or without menthol, menthol enhanced
the penetration of raloxifene nanoparticles in the transdermal
formulation (Figure 4). In addition, the solubility, particle
number, and shape of raloxifene were similar among the
transdermal formulations with or without menthol (Figure 1).
These results indicate that menthol attenuates the barrier
function of the stratum corneum, resulting in enhanced
penetration of raloxifene nanoparticles into the skin tissue.

It is important to elucidate the mechanism of the trans-
dermal absorption of raloxifene nanoparticles. We show that
raloxifene nanoparticles penetrate the barrier of the stratum
corneum, dissolve in the skin tissue, and are released from
the skin as soluble raloxifene (Figure 4). Endocytosis is the
major route by which nanomedicines are transported across
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the membrane, and pathways of endocytosis can be classified
as phagocytosis or pinocytosis.**=8 Phagocytosis is a special
endocytic pathway that occurs predominantly in phagocytes,
such as macrophages, neutrophils, and monocytes.** On the
other hand, pinocytosis is the major route by which cells take
up suspensions containing nanoparticles and can be divided
into clathrin-dependent endocytosis, caveolae-dependent
endocytosis, and macropinocytosis.’’3® Based on these
reports, we investigated which endocytosis pathways are
related to the skin penetration of raloxifene nanoparticles by
using inhibitors specific for the individual pathways (nystatin
[caveolae-dependent endocytosis inhibitor], dynasore
[clathrin-dependent endocytosis inhibitor], rottlerin [macro-
pinocytosis inhibitor], and cytochalasin D [phagocytosis
inhibitor])?*2® and found that macropinocytosis accounts for
the skin penetration of raloxifene nanoparticles (Figure 5).
Zhang et al* reported that the size of the vesicles varies with
the specific pathway of pinocytosis in the endocytic process,
and the sizes corresponding to clathrin-dependent endocyto-
sis, caveolae-dependent endocytosis, and macropinocytosis
are <120 nm, <80 nm, and 100 nm to 5 um, respectively.
The size frequency of raloxifene particles in mRal-NPs was
in the range of 100—450 nm (mean particle size 167.2 nm).
Taken together, it is possible that raloxifene nanoparticles
reach the underlying epidermis via the stratum corneum and
are absorbed into cells by macropinocytosis. After that, the
raloxifene may dissolve and be diffused into the epidermis
and dermis, resulting in transition into the blood circulation
(Figure 8).

We found that rottlerin reduced the skin penetration
of mRal-NPs, but there was still about 25% penetration.
Therefore, dissolved raloxifene on the stratum corneum
may also reflect the skin penetration of raloxifene from the
mRal-NPs.

© Raloxifene nanoparticles
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Figure 8 Mechanism for transdermal penetration via macropinocytosis by the
combination of raloxifene nanoparticles and menthol.

In this study, we also demonstrated the therapeutic
effect of mRal-NPs on osteoporosis using OVX rats as
a model (Figure 7). The Ca contents and stiffness of the
bones of OVX rats decreased following ovariectomy, and
the application of 0.3% mRal-NPs attenuated the decreases
in Ca content and stiffness of the bones of OVX rats
(Figure 7D and F). These results support the data for the
plasma concentration of raloxifene in rats treated with the
raloxifene transdermal formulations (Figure 6) and show
that mRal-NPs provide useful therapy for osteoporosis. On
the other hand, the OVX rat was used as a model for post-
menopausal osteoporosis, and the measurements of drug
skin penetration and pharmacokinetics in rats have been
used in many studies to evaluate transdermal formulations.
However, the data obtained in rats are not consistent with
the data in humans. Therefore, a study using human tissue
needs to be carried out. Further studies are needed to elu-
cidate the relationships of lysosomes via macropinocytosis
and raloxifene dissolution in the percutaneous absorption
process of raloxifene nanoparticles. Moreover, it is important
to clarify the promoting effect of permeation enhancers on
transdermal penetration. Therefore, we are now planning to
investigate the correlation between drug particle size and
endocytosis and demonstrate the activation of endocytosis
(macropinocytosis) after the application of mRal-NPs using
immunohistochemistry methods.

Conclusion

We designed a novel nanomedicine (transdermal formula-
tion containing raloxifene nanoparticles) for which the BA
of raloxifene in the transdermal formulation is 8.5% (BA in
rats administered raloxifene orally is 1.7%). Moreover, we
investigated the mechanism of percutaneous absorption
and the therapeutic effect on osteoporosis. It is possible
that both raloxifene dissolved on the stratum corneum and
nanoparticles passed through the stratum corneum reflect the
skin penetration of raloxifene in the mRal-NPs. In addition,
it is hypothesized that menthol attenuates the barrier func-
tion of the stratum corneum, allowing raloxifene particles
that are ~100-450 nm in size to transit into the underlying
epidermis. After that, the raloxifene may dissolve and diffuse
into the epidermis, dermis, and ultimately be absorbed into
the blood circulation. The enhanced levels of plasma ralox-
ifene provide efficient and effective therapy for osteoporosis.
In addition, these results suggest that macropinocytosis is
related to the skin penetration of raloxifene nanoparticles into
the epidermis or dermis layers of the skin. These findings
provide significant information that can be used to design
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further studies aimed at developing transdermal delivery
systems using nanoparticles.
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