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Arundic  acid,  (R)-(−)-2-propyloctanonic  acid,  is  a novel  neurological  agent  for  intractable  neurodegener-
ative  diseases.  However,  arundic  acid,  an oily  drug,  has low  aqueous  solubility  and  severe  bitter/irritating
tastes.  Consequently,  these  physicochemical  properties  of  arundic  acid need  to be  improved  to  develop
its  pharmaceutical  preparations.  In the  present  study,  we evaluated  whether  parent  cyclodextrins  (CyDs)
and  2-hydroxypropylated  CyDs  (HP-CyDs)  can interact  with  arundic  acid,  and  have  powderization,  sol-
ubilization  and  taste-masking  properties.  Of various  CyDs,  HP-�-CyD  had  the most  potent  solubilizing
effect  for  arundic  acid.  UV  and 1H  NMR  spectroscopic  studies  demonstrated  that  arundic  acid  formed
yclodextrins
omplexation
owderization
olubilization
aste masking

inclusion  complexes  with  CyDs  at a molar  ratio  of  1:1 in  solution.  The  complexation  with  CyDs changed
an  oily  form  of  arundic  acid to a solid  form.  The  gustatory  sensation  studies  indicate  that  of  various
CyDs,  HP-�-CyD  and  �-CyD showed  the  most  significant  taste-masking  effects  in  solution  and  powders,
respectively.  HP-�-CyD  significantly  reduced  the response  of the  electric  potential  caused  by the  adsorp-
tion  of  arundic  acid to the  taste  sensor.  These  results  suggest  that hydrophilic  CyDs  have  potential  as
multifunctional  excipients  for preparing  solutions  and  powders  containing  arundic  acid.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive and
ntractable disease, which firstly causes muscular depression in the
ody because of a defect of motor nerves, and gradually causes
eneral muscular depression (Ilieva et al., 2009). For treatment
f ALS, liquid medication and/or oral disintegration tablets show
reat promise in terms of swallowing disability for ALS patients
Nakamura et al., 2002). Arundic acid, (R)-(−)-2-propyloctanonic
cid (Fig. 1), is a novel neurological agent for intractable neu-
odegenerative diseases such as ALS, Alzheimer’s disease and
arkinson’s disease (Higashino et al., 2009; Himeda et al., 2006;

ato et al., 2004; Mori et al., 2006; Oki et al., 2008). Arundic acid, an
ily drug (Fig. 1), is classified as a biopharmaceutics classification
ystem (BCS) II compound, which has high membrane permeability

∗ Corresponding author. Tel.: +81 96 371 4160; fax: +81 96 371 4420.
E-mail address: arimah@gpo.kumamoto-u.ac.jp (H. Arima).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.04.022
and low aqueous solubility. In addition, arundic acid has a severe
bitterness and irritation against tongue, which makes it difficult
or unpleasant for patients to take, giving rise to noncompliance.
Therefore, it is of great importance to improve the handling and
increase aqueous solubility of arundic acid as well as to mask the
bitter/irritating tastes at the formulation development phase.

Cyclodextrins (CyDs), cyclic oligosaccharides consisting of usu-
ally 6–8 d-glucose units, form inclusion complexes with various
molecules not only in aqueous solution but also in the solid state,
and are successfully utilized for improvement of pharmaceutical
properties of drugs (Stella and Rajewski, 1997; Uekama, 2004;
Uekama et al., 1998). Recently, hydrophilic CyD derivatives with
high bioadaptability have been developed to accommodate var-
ious applications (Loftsson and Duchene, 2007). CyDs are used
to improve undesired properties of drugs through the inclusion

complexation, such as improvements of solubility, dissolution
rate, wettability, and stability. Additionally, CyDs are known to
be able to reduce the bitter/irritating tastes of drugs and foods
through complexation (Szejtli and Szente, 2005; Ono et al., 2011).

dx.doi.org/10.1016/j.ijpharm.2011.04.022
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:arimah@gpo.kumamoto-u.ac.jp
dx.doi.org/10.1016/j.ijpharm.2011.04.022
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Fig. 1. Chemical structure (A) and appearance (B) of arundic acid.

owever, no report has been published as to whether CyDs can
mprove the undesirable physicochemical properties such as oily
orm, water-insolubility, and bitter/irritating tastes of arundic
cid.

Therefore, in this study, we evaluated the potential use of parent
yDs and 2-hydroxypropylated CyDs (HP-CyDs) to reduce oiliness,
nd to increase aqueous solubility and to mask bitter/irritating
astes of arundic acid. Firstly, we investigated the complexation of
rundic acid with CyDs in aqueous solution and the solid state using
he solubility method and the spectroscopic methods. Secondly, we
valuated the effect of CyDs on dissolution rates of arundic acid
nd its CyD complexes. Finally, we performed the gustatory sensa-
ion test in humans and the artificial taste sensor test to examine
he masking effects of CyDs on bitter/irritating tastes of arundic
cid.

. Materials and methods

.1. Materials

Arundic acid was obtained from Ono Pharmaceutical (Osaka,
apan). Parent �-, �-, �-CyDs, 2-hydroxypropyl-�-CyD (HP-�-CyD,
he average degree of substitution (DS) of 2-hydroxypropyl group
s 4.0) and 2-hydroxypropyl-�-CyD (HP-�-CyD, the DS value is 4.3)

ere supplied by Nihon Shokuhin Kako (Tokyo, Japan). Other chem-
cals and solvents were of analytical reagent grade, and deionized
ouble-distilled water was used throughout the study.

.2. Solubility methods

The solubility method was conducted according to the method
f Higuchi and Connors (1965).  An excess amount of arundic acid
10 mg)  was added to a test tube containing CyD solutions at vari-
us concentrations in water (10 mL), and the mixture was  shaken
t 25 ◦C for 7 days. After the equilibrium was attained, the solu-
ion was centrifuged at 3000 rpm for 5 min, and an aliquot (0.5 mL)
as taken by a cotton-plugged pipette. The methanol containing

 4-hydroxybenzoic acid 2-ethylhexyl as an internal standard (I.S.)
as added to the samples to dilute before high-performance liq-
id chromatography (HPLC) analysis without any crystallization
f arundic acid. Then, arundic acid in the sample was  analyzed
sing HPLC under the following conditions: an Intersil GL Science
DS-3V column (5.0 �m,  4.6 mm × 150 mm,  Tokyo, Japan), a mobile
hase of acetonitrile/20 mM KH2PO4 (pH 3.0) (3:2, v/v), a flow
ate of 1.0 mL/min, and a detection at a wavelength of 210 nm.
he stability constant (Kc) of CyD complexes was  calculated by
he equation of Kc = slope/[intercept(1 − slope)] using slopes and
ntercepts of the initial straight-line portion of the phase solubility
iagrams.
.3. Spectroscopic studies

The continuous variation plots (Job, 1928) by the UV method
ere made under a constant total concentration (10 mM)  of host
f Pharmaceutics 413 (2011) 63– 72

and guest molecules at 210 nm. 1H NMR  spectra were taken at
30 ◦C on a Jeol ECA 600 (Tokyo, Japan), operating at 600 MHz,
using a 5-mm sample tube. D2O (0.6 mL)  was used as a sol-
vent, and Na2CO3 (0.5 or 1.0 mg)  was added in D2O to dissolve
arundic acid. Chemical shifts were expressed in parts per mil-
lion (ppm) relative to those of the acetone signal (2.225 ppm)
with accuracies of ±0.01 ppm. The magnetic field remained sta-
ble with the deuterium field lock, confirming negligible change in
the signal frequency before and after each experiment. No inter-
nal reference was used to avoid interference with binding to CyDs.
The concentrations of arundic acid and CyDs were 20 mM/20 mM
(arundic acid/�-CyD) and 10 mM/10 mM  (arundic acid/HP-�-CyD)
in D2O containing Na2CO3 (1.0 mg  for arundic acid/�-CyD and
0.5 mg  for arundic acid/HP-�-CyD). The NOESY and ROESY spec-
tra were acquired for the arundic acid/�-CyD system and the
arundic acid/HP-�-CyD system, respectively, with 64 scans. The
relaxation delay was 1.5 s, and the mixing time was set to 2 s.
The concentrations of the guest and the host molecules in the
NOESY and ROESY spectra were the same as those in 1H NMR
spectra.

2.4. Preparation of solid complexes of arundic acid with CyDs

The solid complexes of arundic acid with CyDs were prepared
by the kneading method (Tsuruoka et al., 1981) in a molar ratio of
1:1 with a small amount (1 mL)  of water. After kneading for 1 h,
the resulting slurry was dried under vacuum for 3 days at room
temperature. After sieving, the powders with a particle size less
than 100 mesh were used for further studies.

2.5. Powder X-ray diffraction study

The powder X-ray diffraction patterns were measured with a
Rigaku Rint-2500 diffractometer (Tokyo, Japan) under the follow-
ing conditions: Ni-filtered Cu K� radiation (1.542 Å), a voltage of
40 kV, a current of a 40 mA,  a divergent slit of 1.74 mm (1◦), a
scattering slit of 0.94 mm  (1◦), a receiving slit of 0.15 mm,  and a
goniometer angular increment of 1◦/min.

2.6. Dissolution studies

The dissolution rates of arundic acid and its CyD complexes
(equivalent to 10 mg  arundic acid) were measured according
to the dispersed amount method (Nogami et al., 1969). The
drug and its CyD complexes were placed in a jacket beaker
and immersed in water (100 mL). The dissolution medium was
stirred at 100 rpm at 37 ◦C. At appropriate intervals, an aliquot
(0.5 mL)  was withdrawn with a cotton plugged pipette and ana-
lyzed for arundic acid by HPLC under the same conditions described
above.

2.7. Human gustatory sensation tests

The gustatory sensation tests were performed with five healthy
volunteers, who  were well trained, according to the previous
method (Katsuragi et al., 1997). This investigation was conducted
in accordance with the Helsinki Declaration (amendment of Seoul,
2008), and the study protocol was approved by the Ethics Commit-
tee of Kumamoto University in Japan (Approval number 273). In the
examination, the volunteers were asked to focus on the bitterness
and irritation, and not to be influenced by the smell. The concentra-
tions of quinine hydrochloride used as a standard compound were

0.03, 0.1, 0.3 and 1 mM,  and the corresponding bitterness and irrita-
tion scores were defined as 0, 1, 2, and 3, respectively. Before testing,
the volunteers were asked to keep the above standard quinine solu-
tions in their mouths for 10 s, and had to rank each one, according
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Table  1
Lipid components for the sensor membranes.

Channel Sensor Lipid element Plasticizer Charge
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2  SB2AN0 Phosphoric acid di-n-dec
5 SB2C00 Tetradodecyl ammonium
6  SB2AE1 Tetradodecyl ammonium

o its bitterness and irritation. Then, the volunteers were asked to
ank kneading products (equivalent to 8 mg  of arundic acid) or CyDs
olutions (5–100 mM)  containing 50 mM arundic acid according to
heir intensity of bitterness and irritation. The volume of solution
ample was 10 mL.  All samples were kept in the mouth for 10 s.
fter tasting, the volunteers gargled well before tasting the next
ample.

.8. Artificial taste sensor tests

The taste sensor system, SA402 (Intelligent Sensor Technology,
tsugi, Japan) was used to measure the electric potential of the
ample solution (Kataoka et al., 2004; Miyanaga et al., 2003; Takagi
t al., 1998; Toko, 1998; Uchida et al., 2001, 2003). The detecting
ensors composed of lipids membranes were used in this study
Table 1). The surfaces of the sensor membranes in channels 5
nd 6, which can react to bitterness and irritation of drug, were
harged positively. The electrode was first dipped into the reference
olution (Vr) and then into the sample solution (Vs). The differ-
nce between Vs and Vr indicates relative value (Vs − Vr). When
he electrode is dipped into the reference solution again, the new
otential of the reference solution is defined as Vr′. The difference

Vr − Vr′) between the potentials of the reference solution before
nd after sample measurements is defined as CPA (change of mem-
rane potential caused by adsorption) value, which corresponds to
ftertaste.
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2.9. Statistical analysis

Data are given as the mean ± S.E. Statistical significance of
means for the studies was  determined by analysis of variance fol-
lowed by Scheffe’s test. p-Values for significance were set at 0.05.

3. Results and discussion

3.1. Phase solubility diagrams

The solubilizing effects of CyDs on arundic acid in aqueous solu-
tion were studied by the solubility method (Higuchi and Connors,
1965). Fig. 2 shows the phase solubility diagrams of arundic acid
with parent CyDs, HP-�-CyD and HP-�-CyD in water at 25 ◦C. The
parent CyDs systems showed the Bs-type (Higuchi and Connors,
1965) phase solubility diagrams with arundic acid, while HP-�-CyD
and HP-�-CyD provided the AL-type (Higuchi and Connors, 1965)
diagrams. The stability constants (Kc) of the complexes were calcu-
lated from the initial straight lines of the diagrams (Table 1). The Kc

values of the complexes in the �-CyDs and �-CyDs systems were
larger than that of the �-CyD system, suggesting that �-CyDs and �-
CyDs have high ability of complexation with arundic acid in water,

compared to �-CyD. However, the solubilizing effects of parent �-
CyD and �-CyD on arundic acid were limited, because of the low
solubility of the arundic acid/natural CyDs complexes as estimated
from the Bs-type diagrams. Meanwhile, HP-�-CyD and HP-�-CyD
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ig. 3. Continuous variation plots for arundic acid/CyD systems. The total concen-
rations of arundic acid and CyDs were 10 mM.  Each point represents the mean ± S.E.
f  3 experiments.

ignificantly increased the solubility of the arundic acid in water,
nd the latter tended to show a higher solubilizing effect than that
f the former. In fact, enhancement factors (Loftsson and Brewster,
996), the solubility of the drug in the aqueous CyD solution by its
olubility in water, of the complexes of arundic acid with �-CyD,
-CyD, �-CyD, HP-�-CyD, and HP-�-CyD at 5 mM CyDs were 3.9,
.6, 2.1, 12.5 and 14.9, respectively. These results suggest that of
arious CyDs, HP-�-CyD had the most potent solubilizing effect on
rundic acid.

.2. Spectroscopic studies

The phase solubility diagrams (Fig. 2) suggest that the com-
lexes of arundic acid with CyDs are formed at a molar ratio of
:1, because of the AL or BS type of the phase solubility diagrams.
o confirm the molar ratio of the complexes in solution, we  per-
ormed the continuous variation method using the UV spectroscopy
n phosphate buffer (pH 7.4). Here, we used a buffer, not water, so
hat the pH value was not changed by the addition of arundic acid,
ecause the spectra are sensitive to a change in the pH value. From
ob’s plots (Job, 1928), all of the CyD complexes showed the max-
mal absorption intensities at the [drug]/([drug] + [CyDs]) value of
.5 (Fig. 3), suggesting that CyDs form inclusion complexes with
rundic acid at a molar ratio of 1:1 in the phosphate buffer.

To gain insight into the inclusion mode of CyDs complexes
ith arundic acid, one-dimensional and two-dimensional 1H NMR

pectroscopic studies were performed. Fig. 4 shows the change in
ne-dimensional 1H NMR  chemical shifts of arundic acid by the
ddition of �-CyD and HP-�-CyD. Here �-CyD was used in the 1H
MR  study, because �-CyD is a pure compound, so it is easy to
valuate the NMR  result, and it showed the significant inhibitory
ffect on bitter/irritating tastes of arundic acid in gustatory sensa-
ion test as shown in Figs. 9 and 10,  compared with HP-�-CyD,
lthough the 1H NMR  study regarding the interaction between
rundic acid and HP-�-CyD is required hereafter. Upon the addi-
ion of �-CyD, large low-field shifts were observed in the H3-H8
nd H1′–H3′ protons of arundic acid, and a high-field shift was
hown in H2 proton of arundic acid (Fig. 4A). An almost identical
esult was observed in the HP-�-CyD system, although a chemical
hift of the H2 proton was not observed (Fig. 4B). These chemi-
al shifts may  be due to the solvent effect, conformation change
nd the steric compression effect through inclusion complexation
Uekama et al., 1998). Moreover, CyDs might somewhat dissociate
 micelle structure of arundic acid derived from its amphiphilic-
ty. Next, we conducted the two-dimensional NOESY and ROESY
pectroscopic studies to estimate inclusion modes of arundic acid
n the �-CyD and HP-�-CyD cavities, respectively (Fig. 5). Here, the
Fig. 4. Effects of CyDs (5 mM)  on 1H NMR  chemical shifts of arundic acid (5 mM)  in
D2O containing 10% DMSO-d6. (A) The �-CyD system and (B) the HP-�-CyD system.
��  = �with CyD − �drug alone. Each value represents the mean ± S.E. of 3 experiments.

difference in the two-dimensional 1H NMR  spectroscopic methods
between the �-CyD and HP-�-CyD systems resulted from the accu-
racy of the resulting data. In the NOESY spectrum, the H2 and H3
protons of �-CyD gave the correlation peaks with the H3–H7 and
H3′ protons of arundic acid (Fig. 5A and B), and H5 proton of �-CyD
provided the crosspeaks with H8 proton of arundic acid (Fig. 5B).
These results suggest that the main aliphatic chain (H2–H8) of the
arundic acid molecule is included in the �-CyD cavity, and the H8
and H3′ protons of arundic acid locate around the primary and
secondary hydroxyl groups of the �-CyD molecule, respectively.
However, H5 proton of �-CyD elicited the crosspeak with H3′ of
arundic acid, suggesting that the inclusion mode has the opposite
direction of arundic acid, i.e. the H8 and H3′ protons of arundic
acid locate around the secondary and primary hydroxyl groups of
the �-CyD molecule, respectively. In the ROESY spectrum, the H5
proton of HP-�-CyD gave the crosspeaks with the H8 proton of
arundic acid (Fig. 5C), and the H6a and H6b protons of HP-�-CyD
showed the crosspeaks with the H8 protons of arundic acid (Fig. 5C).
Also, the H3 proton of HP-�-CyD provided the crosspeak with H8
proton of arundic acid (Fig. 5C and D) and with its H3–H8 pro-
tons (Fig. 5E). These results suggest that the main aliphatic chain
(H3–H8) partially enters the HP-�-CyD cavity, compared with in
the �-CyD cavity, reflecting the lack of chemical shift of the H2
proton of arundic acid (Fig. 4B). However, the H5, H6a and H6b pro-
tons of HP-�-CyD also gave the crosspeaks with the H3′ protons of
arundic acid (Fig. 5C), suggesting that the short chain of arundic
acid may  be included in the HP-�-CyD cavity. Meanwhile, the con-
tinuous variation method using the UV spectroscopy showed the

inclusion complex at a molar ratio of 1:1 (Fig. 3). Hence, the inclu-
sion modes of arundic acid in the �-CyD and HP-�-CyD cavities are
highly unlikely to be simple, and the detailed inclusion modes such
as orientation and location of arundic acid into these CyD cavities
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Fig. 5. Partial counter plots of NOESY and ROESY spectra. (A and B) The NOESY spectra of the arundic acid/�-CyD system. (C–E) The ROESY spectra of the arundic acid/HP-�-CyD
s ctivel

r
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t
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d
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o

ystem. The concentrations of �-CyD and HP-�-CyD were 20 mM and 10 mM,  respe

emain unclear. Therefore, further elaborate studies are required to
larify the precise inclusion modes.

To investigate whether CyDs can interact with arundic acid in
he solid state, we prepared kneading products of arundic acid with
yDs at a molar ratio of 1:1. All of the kneading products showed
owder forms (Fig. 6), indicating that CyDs improve a handling
f arundic acid because of a conversion of arundic acid from an
ily form to a powder form. Next, we performed the powder X-ray

iffraction studies (Fig. 7). Arundic acid alone could not be mea-
ured because of an oily drug. It is well known that the natural
yDs show many crystalline peaks. Likewise, the physical mixtures
f arundic acid with natural CyDs showed almost the same patterns
y. The molar ratio of arundic acid and CyDs was 1:1.

as natural CyDs, because the peak derived from arundic acid did not
appear and the interaction between them was weak. Meanwhile,
kneading products of arundic acid with natural CyDs elicited differ-
ent powder X-ray diffraction patterns from those of natural CyDs
and the physical mixtures (Fig. 7). In sharp contrast, HP-�-CyD and
HP-�-CyD alone, physical mixtures and kneading products showed
halo patterns, most probably due to amorphous forms (Fig. 7D and
E), because the HP-CyDs are mixtures with different DS values.

Therefore, it is unclear whether the kneading products of arundic
acid with HP-�-CyD and HP-�-CyD are inclusion complexes in the
solid state. In addition, thermal analysis would be also useless for
a confirmation of the complexation in the present cases, because
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Fig. 6. Appearance of the kneading products of arundic acid with vario

f amorphous complexes. Thereafter, to reveal the complexation
f arundic acid with HP-�-CyD and HP-�-CyD in detailed should
herefore be characterized by solid-state 13C NMR  analysis. How-

ver, we demonstrated that HP-�-CyD and HP-�-CyD can form
omplexes in the phase solubility diagrams. Eventually, it is pre-
umed that HP-�-CyD and HP-�-CyD as well as parent CyDs form
omplexes with arundic acid in the solid state.
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ig. 7. Powder X-ray diffraction patterns of the arundic acid/CyDs systems. (A) �-CyD sys
ystem. (a) CyD alone, (b) arundic acid/CyD physical mixture, and (c) arundic acid/CyD kn
Ds. (A) �-CyD, (B) �-CyD, (C) �-CyD, (D) HP-�-CyD and (E) HP-�-CyD.

3.3. Dissolution tests

To improve the dissolution property of arundic acid, the dis-

solution rates of arundic acid alone and its CyD complexes were
measured in water at 37 ◦C (Fig. 8). Here we used the disperse
amount method (Nogami et al., 1969) for a dissolution study
because it is a traditional and common method. In this method,
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ig. 8. Dissolution profiles of arundic acid from the physical mixtures and complex
p  < 0.05 versus control (arundic acid/lactose physical mixture).

n initial region of the dissolution curve is believed to be the sink
ondition. Thereby, we evaluated dissolution rates of arundic acid
nd the CyD complexes using the initial regions. In the natural
yDs complexes, the dissolution rates increased in the order of
ontrol (arundic acid alone) < �-CyD complex < �-CyD complex < �-
yD complex. This order was inconsistent with the magnitude of
he stability constants (Table 2). Interestingly, the dissolution rates
n the physical mixture systems also increased in the order of �-

yD physical mixture ∼= control < �-CyD physical mixture < �-CyD
hysical mixture. The reason why the physical mixtures with �-
yD and �-CyD augmented the dissolution rates of arundic acid is

able 2
tability constants for inclusion complexes of arundic acid with CyDs.

CyD Kc (M−1)

�-CyD 1897 ± 51
�-CyD 1967 ± 21
�-CyD 344 ± 81
HP-�-CyD 1608 ± 95
HP-�-CyD 1815 ± 27

ach value represents the mean ± S.E. of 3–4 experiments.
arundic acid with CyDs. Each point represents the mean ± S.E. of 3–4 experiments.

still unknown. One possibility may  be that during the preparation
of physical mixtures, the complexes were formed. However, this
possibility can be discounted, because the powder X-ray diffraction
patterns of the physical mixture were totally different from those
of the complexes with �-CyD and �-CyD (Fig. 8). Thereafter, further
studies are required to clarify the mechanism. Meanwhile, in the
HP-CyDs systems, the dissolution rates of the HP-�-CyD complex
and HP-�-CyD complex increased markedly, compared to that of
control, but the enhancing effects of the two  HP-CyDs complexes
were almost equivalent, despite the Kc value of the HP-�-CyD com-
plex was  higher than that of the HP-�-CyD complex. Contrary to
the parent CyDs system, the dissolution rates of the physical mix-
tures with HP-�-CyD and HP-�-CyD did not further increase the
dissolution rate of arundic acid, suggesting that HP-�-CyD and HP-
�-CyD complexes have different physicochemical properties from
these physical mixtures. Actually, as shown in Fig. 7, the HP-�-
CyD complex and HP-�-CyD complex were amorphous, thereby
we estimated the rapid dissolution of the complexes. Contrary to

our expectations, the dissolution rates of HP-�-CyD complex and
HP-�-CyD complex were, however, significantly lower than those
of the �-CyD complex and �-CyD complex. It therefore seems evi-
dent that the complexation with these CyDs plays a crucial role in
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ig. 9. Effects of CyDs on bitterness score (A) and irritation score (B) of arundic
cid in the physical mixtures and kneading products in healthy volunteers. *p < 0.05
ersus arundic acid alone.

ncreasing the dissolution rates of arundic acid, although the effects
f CyDs on the dissolution properties of arundic acid were very
omplicated. Probably, various physicochemical properties such as
ettability, particle sizes, viscosity, microscopic structures, viscosi-

ies of the complexes and physical mixtures may  be involved in
he intricate effects of CyDs on the dissolution rate and stability
onstants. Studies are needed to decipher the mechanisms. Fur-
hermore, it is important to compare the dissolution properties
etween the complexes prepared by a kneading method and those
repared by other methods such as solvent evaporation or freeze
rying method, and so we  are planning to do the pivotal study in the
ext study. Anyhow, these results suggest that the complexation
ith CyDs enhances the dissolution rate of arundic acid.

.4. Gustatory sensation study

To investigate whether CyDs can suppress bitter/irritating tastes
f arundic acid in the mouth, the gustatory sensation study was
onducted by five healthy volunteers. Fig. 9A and B shows relative
itterness and irritating scores for the complexes and the physical
ixtures of arundic acid with CyDs in the solid state, respectively.

eflecting severe bitter/irritation tastes, arundic acid alone pro-
ided the maximal score 3 for both bitterness and irritation (Fig. 9).
s a whole, the complexes and physical mixtures reduced the bit-

erness and irritation scores, compared with arundic acid alone, and
he suppressive effects of CyDs on both scores were consistent. It is
f note that the parent CyDs systems reduced the bitter/irritating
astes more than the HP-CyDs systems. Interestingly, of the parent
yD systems, the physical mixtures elicited bitter/irritating scores

ess than the CyD complexes, especially the physical mixture with
-CyD eliminated the bitter/irritating tastes of arundic acid. These

uppressive effects of CyDs on bitter/irritating tastes of arundic
cid may  be ascribed to the inhibition of the binding of arundic
cid to taste receptors on tongue, because of (1) the slow release
f the arundic acid from the physical mixtures, compared to that
Fig. 10. Effects of CyDs on bitterness score (A) and irritation score (B) of arundic
acid  in solutions in healthy volunteers. *p < 0.05 versus arundic acid alone.

from the complexes, (2) the masking effects of CyDs on binding
site of arundic acid to the taste receptors and (3) sweetness of CyDs
themselves (Szejtli and Szente, 2005).

Next, to reveal the suppressive effects of CyDs on the bit-
ter/irritating tastes of arundic acid in liquid medication and to
gain insight into the mechanism by which CyDs suppress the bit-
ter/irritating tastes of arundic acid in powder form, we evaluated
the effects of CyDs on bitter/irritating tastes of arundic acid in solu-
tions (Fig. 10). In sharp contrast to the results of powder forms
of CyDs used in this study, HP-�-CyD reduced the bitter/irritating
tastes of the arundic acid most potently, and the suppressive effect
of HP-�-CyD was in a concentration-dependent manner (data not
shown). The strongest suppressive effect of HP-�-CyD was  consis-
tent with the magnitude of the Kc value (Table 2), so the effect could
be ascribed to the inclusion complexation of arundic acid with HP-
�-CyD. Meanwhile, �-CyD showed the second-highest suppressive
effect, following HP-�-CyD, even though �-CyD had higher stabil-
ity constant with arundic acid (Table 2). This slight inhibitory effect
of �-CyD might be attributed to the difference in the amount of
free drug in an oral cavity: the �-CyD system may  provide free
drugs at a high extent after dissolution in an oral cavity, compared
to the HP-�-CyD system, possibly due to the competitive inclu-
sion between �-CyD and the other physiological components in
saliva. In addition, it is possible that HP-�-CyD may affect func-
tion of T2R receptor, which is a G protein-coupled receptor (GPCR)
localizing in lipid rafts on plasma cell membranes of taste cells,
because �-CyDs are known to suppress GPCR function in various
cells (Patel et al., 2008) as described below. The differences in the
magnitude of the suppressive effects of CyDs between the powder
form and solution could be attributed to the absence and pres-

ence of the dissolution process. Namely, the slower the dissolution
rates of CyD complexes and the higher the stability constants of
CyD complexes with arundic acid in solution state, the weaker the
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nteraction of arundic acid with taste buds and the bitter/irritating
astes.

However, these above results clearly demonstrate that the sup-
ressive mechanisms of CyDs on the bitter/irritating tastes of
rundic acid are not simple. Recently, bitter transduction in mam-
alian taste receptor cells has been mediated by G protein and
PCRs (Lindemann, 1996; Wong et al., 1996). In addition, T2Rs in
umans and mice are genetically linked to loci associated with bit-
er perception (Capeless et al., 1992; Conneally et al., 1976; Reed
t al., 1999), and are selectively expressed in taste receptor cells
mplicated in bitter transduction (Adler et al., 2000; Chandrashekar
t al., 2000; Ming et al., 1998; Wong et al., 1996; Zhang et al.,
003). Meanwhile, the widespread use of �-CyDs for change in
he structure and the function of lipid rafts, where concentrate
lycosylphosphatidylinositol-anchored protein and/or GPCRs, has
een well known (Simons and Ehehalt, 2002; Simons and Toomre,
000). These lines of evidence make it tempting to speculate that
he reduction of the bitter/irritating tastes of arundic acid by the
ddition of CyDs was responsible for (1) prevention of the con-
act of arundic acid to T2Rs and (2) interaction of HP-�-CyD with
ipid rafts localized taste receptors cells. However, the short con-
act time of CyDs with membranes of taste bud cells may  not exert
he inhibitory effect of CyDs on bitter/irritating tastes of arundic
cid. Anyhow, to address the hypothesis, we are currently studying
he effects of HP-�-CyD on bitter transduction via T2R using T2R
verexpressing cells. Collectively, the results of the gustatory sen-
ation study suggest that �-CyD and HP-�-CyD in powder form and
n solution, respectively, have the potential for the suppression of
itter/irritating tastes of arundic acid in humans.

.5. Taste sensor test

An artificial taste sensor is reported to be a useful tool to quan-
ify the intensity of bitterness and sweetness of drugs and foods,
specially in solution (Miyanaga et al., 2002; Nakamura et al., 2002;
chida et al., 2001). Therefore, we evaluated the taste-masking abil-

ty of HP-�-CyD for arundic acid using an artificial taste sensor in
rder to confirm the result of gustatory sensation study in solu-
ion (Fig. 11). There is no significant change in the relative values
gainst negative charge channels (Channels 1 and 2) between the
ystems with and without HP-�-CyD. Meanwhile, HP-�-CyD sig-
ificantly suppressed the relative values of arundic acid against
ositive charge channels (Channels 5 and 6) in a concentration-

ependent manner (Fig. 11A). We  also confirm that HP-�-CyD
uppressed the CPA values, which correspond to aftertaste, against
rundic acid alone (data not shown). Also, HP-�-CyD significantly
ecreased the bitterness intensity estimated by taste sensor in
 intensity (B), caused by arundic acid. Each value represents the mean ± S.E. of 3–7

a concentration-dependent manner (Fig. 11B). These results sug-
gest that bitter/irritating tastes of arundic acid were reduced by
the complex formation with HP-�-CyD in solution, expecting that
HP-�-CyD suppresses the bitter/irritating tastes of arundic acid in
gustatory sensation studies. From here on, we are planning to reveal
the taste-masking effect of CyDs on arundic acid in the powder form
using a novel taste sensor and a disintegration testing apparatus
(Harada et al., 2010).

4. Conclusions

In the present study, we  have demonstrated that hydrophilic
CyDs have not only powderizing and solubilizing effects on arundic
acid but also a taste-masking effect through the complexation
of CyDs with arundic acid. Therefore, these results suggest that
hydrophilic CyDs have the potential as multifunctional excipients
for preparing solutions and powders containing arundic acid.
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